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OrthopyroxeniteThis study presents bulk-rock major, trace, and platinum-group element data, as well as mineral chem-
istry for peridotites which form large enclaves (up to 500  1000 m) within Mesoarchaean orthogneisses
of the Akia terrane in the Fiskefjord region, southern West Greenland. The largest peridotite body, known
as Seqi, contains highly fosteritic olivine with a median Mg# of 92.6 and hosts extensive layers of chromi-
tite, which can be traced for tens of metres with thicknesses of up to 30 cm. Thinner (<100 m thick), but
extensive (up to 2000 m long) peridotite sheets are associated with coarse norite and orthopyroxenite
with distinct cumulate textures in the Amikoq complex, located a few tens of kilometres south of Seqi.
Intercalated amphibolites of tholeiitic basaltic composition show complementary geochemical evolution
to the peridotites, consistent with igneous crystal fractionation trends. The U-shaped trace element pat-
terns of the peridotites may either reﬂect the parental melt composition from which these olivine-rich
rocks were derived, or alternatively this feature may be the result of melt-rock interaction. Overall, we
interpret the Fiskefjord region peridotites to have formed as ultramaﬁc cumulates derived from
Archaean high-Mg, low Ca/Al magmas, although their geodynamic setting remains to be established.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Peridotites are found sporadically as large enclaves within
Mesoarchaean amphibolite- to granulite-facies orthogneisses in
the Akia terrane of southernWest Greenland, North Atlantic craton
[39]. These peridotites consist mainly of chromite-rich dunite and
minor harzburgite. They commonly contain amphibole, but essen-
tially no clinopyroxene is observed. Although the Seqi dunite body,
which is the largest of the ultramaﬁc enclaves at ca. 500  1000 m,
has beenmined for industrial grade olivine, the origin of these peri-
dotites is yet unknown. These unusually large inclusions of coarse
peridotites found within tonalite–trondhjemite–granodiorite
(TTG)-suite orthogneisses, are not a common feature of other
Archaean cratons. The only similar cases occur where layered maﬁc
intrusions are present (e.g., Stillwater and Bushveld). However, all
of the Fiskefjord peridotites are intruded by the TTGs and thus pre-
date the continental crust-forming event of the Akia terrane at ca.
3000 Ma. Maﬁc amphibolites and norites are intercalated with theperidotites in the Amikoq complex (Fig. 1). The tholeiitic basaltic
rocks and are similar to the amphibolites from other supracrustal
belts in the North Atlantic craton. Although the ﬁeld relations
between thesemaﬁc and ultramaﬁc rocks are not clear, they appear
to be part of the same rock association, which includes the Qussuk
and Bjørneøen supracrustal belts [39,40].
Two contrasting origins can be envisioned for the Fiskefjord
region peridotites: Either they represent (1) residual mantle resi-
dues formed by large degrees of melt-extraction, or (2) alterna-
tively they represent ultramaﬁc cumulates formed by mainly
olivine accumulation (+spinel ± orthopyroxene). If these
peridotites were originally mantle residues then these maﬁc to
ultramaﬁc rock assemblages may represent remnants of ophiolitic
crust that was obducted during accretionary processes.
Accordingly, this would suggest that horizontal tectonics were in
operation prior to 3000 Ma. This is currently a much debated topic
and the apparent absence of mantle rocks associated with
Archaean supracrustal belts is a critical point in the arguments
for and against Archaean subduction zone processes (see
Discussion of [12,120,121]).
On the other hand, if these peridotites rather formed during
fractional crystallisation and cumulate processes, this could have
Fig. 1. Geological map of the Nuuk and Fiskefjord regions in southern West Greenland. The peridotite locaties of the Seqi Olivine Mine and the Amikoq complex, from which
the studied samples have been collected, are shown in purple. Two additional large peridotite bodies (Miaggoq and Ulamertoq) are present, but no samples are currently
available from these localities. The map in based on work by the Geological Survey of Denmark and Greenland (GEUS).
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group element (PGE) mineralisation is typically hosted by ultra-
maﬁc cumulates e.g., [82,77]. In either case, these peridotites and
the associated norites, orthopyroxenites, and maﬁc supracrustal
rocks, which are also found as related belts and slivers within these
TTG-suite orthogneisses, may yield important new insights into
the crustal evolution of the North Atlantic craton. In this
contribution bulk-rock and mineral geochemical data for the peri-
dotites are presented with the aim of elucidating the petrogenesis
of the ultramaﬁc components of the Akia terrane.
2. Regional geology
Fiskefjord is located in the northern part of the Nuuk region and
cuts through Mesoarchaean orthogneisses of the Akia terrane. The
present study describes peridotites found along the Fiskefjord, as
well as at the Seqi and the Amikoq localities to the north and south,
respectively (Fig. 1). At the Amikoq locality, the peridotites crop
out together with intercalated norites and orthopyroxenites, which
based on their close association, appear to be co-genetic [39]. Thisinference is supported by the observation of a similar intimate
association of these particular lithologies at the Miaggoq and
Ulamertoq localities. However, no data is presently available from
these two peridotite bodies.
The Nuuk region consists of several discrete crustal terranes,
with the oldest being the over 3600 Ma Itsaq gneiss complex
[87], that were ultimately amalgamated during the Neoarchaean
[34,86]. A recent study by Dziggel et al. [29] interpreted this region
as comprising paired metamorphic belts, implying that the
amalgamation occurred in an accretionary setting. Peridotites are
also reported within the Itsaq gneiss complex, but these are not
as extensive as those of the Akia terrane and appear to be directly
associated with anorthosite and gabbro. Thus, the peridotites of the
Nuuk and Akia terranes appear to be of different origins
[14,36,98,97]. A recent overview of the igneous and metamorphic
history of the Akia terrane can be found in Garde et al. [43].
Below we outline the main geological features that are relevant
for understanding the Fiskefjord region peridotites.
The regional TTG-suite orthogneisses of the Akia terrane, which
host the Seqi-Amikoq association of peridotites and supracrustal
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[39,40]. Subordinate dioritic gneisses have magmatic ages of about
3200 Ma, and represent local pre-existing crust [39]. The amphibo-
lite-facies supracrustal rocks that are present within the Akia
orthogneisses have been dated directly at ca. 3071 Ma using mag-
matic zircon extracted from a volcano-sedimentary schist found
within the maﬁc to andesitic Qussuk–Bjørneøen volcanic sequence
[40]. Aluminous schists present in the Qussuk sequence have been
proposed to represent metamorphosed hydrothermally altered
basalt [41]. Such lithologies are also present within the Amikoq
complex [2], and are also found in the Storø supracrustal belt about
10 km southeast of the Qussuk peninsula [104,110]. Leucocratic
fragmental amphibolites of the Qussuk sequence have been
proposed to represent analogues of modern andesites, and are
inferred to have formed in an arc-related setting [40]. Andesites
are also found in the Ivisaartoq supracrustal belt about 50 km
east of Qussuk [94], and similar andesites are even relatively
common (comprising ca. 50% of the volcanics) within the
Mesoarchaean Tasiusarsuaq terrane of SW Greenland [106,108].
All of the above is consistent with the operation of Mesoarchaean
subduction zones in this region, as also concluded by Windley
and Garde [118] in a recent review of the geology of the North
Atlantic craton.
The Akia terrane experienced granulite-facies metamorphism
with local retrogression to sillimanite-grade amphibolite-facies at
2995–2975 Ma. Re-crystallisation of zircon, synkinematic intru-
sion of granite sheets, and isoclinal folding of the older diorites
and early amphibolites was associated with this event [39,40,42].
A U-Pb age of 2990 ± 13 Ma was obtained on zircon from the
Amikoq complex by Nilsson et al. [85], but this age likely reﬂects
mineral growth associated with regional metamorphism.
The magmatic age of the peridotites of the Seqi-Amikoq
association is likely close to that of the supracrustal rocks, with
which they are intercalated. The age of 3071 Ma for the above-
mentioned volcano-sedimentary schists in the Qussuk–Bjørneøen
sequence, appears to be the maximum age, because norites and
orthopyroxenites associated with the peridotites of the Amikoq
complex are apparently intrusive into the folded maﬁc supracrus-
tal amphibolites [2,50]. This would constrain the age of the Amikoq
complex rather tightly at 3071–3050 Ma, depending on the exact
age of the locally intruding regional TTG-suite orthogneisses.
However, further ﬁeld work is needed in order to establish the
detailed relations between the supracrustal amphibolites and
the norite–peridotite association with greater conﬁdence. Despite
the fact that the largest peridotite body of the Fiskefjord region
(known as Seqi) has recently been mined by the Swedish company
Minelco, no scientiﬁc studies currently exist on these peridotites or
the associated norite and orthopyroxenite suite. A few internal
company reports have been released, which mainly deal with the
technical aspects of mining [23,24,76,26], and environmental
issues [3,102]. However, none of this work considered the
petrogenesis of the peridotites or the associated rocks. Garde [39]
published data for a few peridotite samples from the Akia terrane,
but focusing on the hosting TTG-suite orthogneisses. The unpub-
lished M.Sc. thesis of Tine Kristensen [70] currently represents
the only detailed petrological work on the peridotites of the
Amikoq complex.
3. Samples and petrography
The peridotites examined in this study were collected along the
shore of Fiskefjord, within the Seqi olivine mine, and from the
Amikoq complex (Fig. 1). GPS-positions of the samples are listed
in Supplementary Tables S1 and S3. In the following, a description
of these peridotites and their main petrographic features are pre-
sented. To simplify the classiﬁcation in this study, two main groupsof rocks are distinguished, namely (1) dunites from the Seqi Olivine
Mine and (2) various types of peridotites found along Fiskefjord
and in the Amikoq complex. Throughout this study, the latter
two areas are collectively referred to as the ‘Fiskefjord
peridotites’, whereas the term ‘Fiskefjord region peridotites’ is used
for all of these rocks including the Seqi dunites.
The peridotites from the Seqi Olivine Mine are dominated by
dunites, whereas the Fiskefjord peridotites comprise both dunites
and amphibole-bearing harzburgites. The latter are commonly
associated with norites, and minor orthopyroxenite layers are also
present. However, the focus of the present study is exclusively on
the geochemistry of the peridotites, and we rely on previously
published data for the norites, orthopyroxenites and the associated
supracrustal rocks [39,40,70].
The dunites of the Seqi Olivine Mine (Fig. 2a) consist of olivine
with locally abundant intergranular chromite (Fig. 2b). The grain
size varies from medium to coarse and Dahl [26] identiﬁed several
distinct dunite ‘facies’ within the mine, such as ‘homogenous’, ‘lay-
ered’ and ‘porphyroblastic’ dunites, which some examples shown
in Appendix A. Most dunites have granoblastic textures with equi-
librated 120 triple junctions between olivine grains (Fig. 3a and b).
Talc is present as a minor component and is sometimes visible
along olivine rims. Chromitite layers up to 30 cm thick are
observed along the north-eastern margin of Seqi and can be traced
for tens of metres (Fig. 2c). These chromitites commonly show
rhythmic alternation between delicate chromite- and olivine-rich
laminae, which can be trace for several metres. Some of these
chromitite layers are tightly folded and display complex buckling
(Fig. 2d). We present additional ﬁeld photographs from the Seqi
Olivine Mine in Appendix A.
The peridotites found along Fiskefjord and in the Amikoq com-
plex commonly have thin extensive layers of chromitite
(Fig. 3c and d) and are generally orthopyroxene (opx) rich
(Fig. 3e and f). These harzburgites have textures that range from
proto- to equigranular cf. [79], and are much more diverse
mineralogically than the Seqi dunites. Opx is mostly poikilitic
and amphibole is abundant in some parts of the peridotite layers
(Fig. 3g and h). Amphibole is also observed as cm-thick layers
and irregular aggregates within the Fiskefjord peridotites, but it
is not obvious if these are igneous or metamorphic features, as
these rocks presently display amphibolite-facies mineral
assemblages. Plagioclase is only rarely observed in the peridotites,
even when these are in direct contact with norites. Talc is present
as individual crystalline grains in some samples. Chlorite, serpen-
tine and coarse talc are commonly present in peridotites that are
associated with crosscutting granitoid sheets and late faults at all
of the peridotite localities.4. Methods
A brief summary of the analytical procedures employed in this
study is presented below. For a more detailed description, the
reader is referred to the Appendix B. Bulk-rock major and trace
element data was acquired for ten of the most refractory peri-
dotites by inductively coupled plasma (ICP) methods from Acme
Labs, Vancouver (see Table S1). The trace element abundances
for these samples were re-analysed at Lamont–Doherty Earth
Observatory (LDEO) to obtain better precision due to the low
incompatible trace element concentrations (Table S2). The
remaining samples in our data set were measured for their
bulk-rock major element compositions by X-ray ﬂuorescence
(XRF) at the Geological Survey of Denmark and Greenland
(GEUS) [72]. Trace element data for these samples were also
obtained at GEUS by solution ICP-MS using the fused borate discs
from the XRF analysis (Table S3).
Fig. 2. Field photos from the Seqi Olivine Mine. (a) Overview of Seqi looking west. Person for scale. (b) Close-up of dunite with abundant intergranular chromite. Finger for
scale. (c) Horizontally layered chromitite layers in dunite at the north-eastern margin of Seqi. The individual layers can be traced for tens of metres. Hammer is 65 cm tall. (d)
Tightly folded and buckled chromitite band from the north-eastern margin of Seqi. In places ductile rupture of such layers is also observed. Hammer for scale is 65 cm tall. We
present additional ﬁeld photographs from the Seqi Olivine Mine in Appendix A.
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Université du Québec à Chicoutimi (UQAC) by NiS-FA followed
by MC-ICP-MS measurement. See Appendix B for a summary or
Savard et al. [100] for a full description of the analytical protocol.
Electron microprobe analysis of minerals (representative data
available in Table S5) was conducted on a Cameca SX-100 at the
American Museum of Natural History (AMNH), New York, and on a
JEOL JXA 8200 at the Geological Institute, Copenhagen (GIC). Peak
counting times at AMNH were 40 s for Si, Mn, Ti, Al, Ca, Fe, Cr, Mg,
Ni, Zn, 10 s for Na and 20 s on the background. At GIC peak counting
times were 20 s for all elements, except for Cr and Ni, which were
measured for 40 s, and background times were 20 s. A voltage of
15 kVand a beamcurrent of 20 nA (1 lmdiameter)wasused at both
AMNH and GIC. Several commonmineral standards weremeasured
at each session to verify the accuracy of the analyses.
All of the data obtained for this study are provided as
Supplementary material (Tables S1–S5). The freeware program
GCDkit of Janošek et al. [59] was used to plot the geochemical-
diagrams for this paper.5. Results
5.1. Major and trace element data
The Seqi dunites (n = 10) have MgO ranging from 48.6 to
53.2 wt.%, SiO2 from 40.8 to 41.9 wt.%, FeOt from 5.29 to
8.75 wt.%, and Al2O3 from 0.20 to 1.10 wt.% (Fig. 4). The bulk-rock
Mg# of the dunites (assuming Fe2+ is 100% of total Fe due to the oli-
vine-rich nature of these rocks) ranges from 90.8 to 94.7 with a
median value of 92.3. They have CaO/Al2O3 ratios less than 1.21
and Al2O3/TiO2 ratios with a median value of 48.5. The dunites
generally have negative Eu-anomalies with Eu/Eu⁄ from 0.36 to1.02. Their rare earth element (REE) patterns are U-shaped with
negative LREE slopes (LaN/SmN from 1.05 to 3.15) and positive
HREE slopes (Fig. 5a). All of the dunites have large positive Pb-
anomalies and one sample (Seqi-1) has an anomalously positive
Zr and Hf peak.
The Fiskefjord peridotites (n = 19) have MgO ranging from 33.1
to 46.0 wt.%, SiO2 from 37.0 to 50.8 wt.%, FeOt from 6.18 to
19.3 wt.%, and Al2O3 from 1.24 to 5.16 wt.% (Fig. 4). The bulk-rock
Mg# of the peridotites ranges from 77.4 to 92.4 with a median
value of 83.8. They have CaO/Al2O3 ratios less than 1.50 and
Al2O3/TiO2 ratios with a median value of 64.5. The peridotites
generally have negative Eu-anomalies with Eu/Eu⁄ from 0.44 to
1.3 (only three samples have positive Eu/Eu⁄). Their REE patterns
are U-shaped with negative LREE slopes (LaN/SmN from 0.94 to
4.5) and positive HREE slopes (Fig. 5b). The peridotites also have
a strongly positive Pb-anomaly, in addition to common positive
Ti, Zr, and Hf anomalies.5.2. Platinum-group element data
Platinum-group element (PGE) data was obtained for ﬁve Seqi
dunites and ﬁve Fiskefjord peridotites. There are no systematic
patterns for their PGEs, which are rather variable (Fig. 6). Broadly
speaking, the chondrite-normalised PGE patterns are not very
different between the two groups, except that Pd-concentrations
are below the detection limit of 0.47 ppb in all of the Seqi dunites,
but higher for the Fiskefjord peridotites. The Os contents range
from 1.79 to 9.21 ppb for the dunites and from 0.75 to 9.34 ppb
for the peridotites. Ru forms a tight range from 4.87 to 8.81 ppb
for our samples. Interestingly, samples with measurable Rh
concentrations have distinctly negative Rh-anomalies except for
one sample (482032).
Fig. 3. Microphotographs showing the mineral textures of the Fiskefjord peridotites. (a) Granoblastic dunite from Seqi in plane polarised light (sample Seqi-2). Note the 120-
degree angles between the individual olivine grains. (b) Sample Seqi-2 with crossed polarizers. (c) Peridotite from Fiskefjord with chromite layer under plane polarised light
(sample 482065). (d) Sample 482065 with crossed polarizers. (e) Fiskefjord amphibole-bearing harzburgite under plane polarised light (sample 482006). (f) Sample 482006
with crossed polarizers. (g) Fiskefjord amphibole-bearing harzburgite under plane polarised light (sample 482041). (h) Sample 482041 with crossed polarizers.
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The olivine compositions of the Seqi dunites form a tight cluster
in terms of their fosterite contents as is seen in Fig. 7a. Fosterite
calculated as (Mg# = 100 molar Mg/(Mg + Fe2+)) range from
91.1 to 93.7, with a median value of 92.6 (n = 469). The NiO con-
tents of the olivine range from 0.32 to 0.52, with a median value
of 0.43 wt.% (3369 ppm). The Fiskefjord peridotites show a broader
range of olivine compositions with fosterite ranging from 83.2 to92.4, with a median values of 89.2 (n = 356). Overall, the NiO con-
tents of the olivine in the Fiskefjord peridotites range from 0.23 to
0.59, with a median value of 0.41 wt.% (3236 ppm). NiO is
positively correlated with fosterite content. Individual olivine
grains are essentially unzoned, although some have slighter ele-
vated Mg# at their rims when they are found adjacent to chromite
or magnetite as a result of subsolidus exchange.
The spinel data were ﬁrst ﬁltered by excluding analyses with
Si + Na > 0.05 counts per formula unit (cpfu), given that these
Fig. 4. Major and trace element variation plotted as a function of MgO. Major elements are given in wt.% and trace elements in ppm. The dunites from Seqi are shown as red
squares and the various Fiskefjord peridotites are shown as blue circles. Data for undifferentiated maﬁc to ultramaﬁc rocks from the Akia terrane (black dots) are from Garde
[39], Garde [40] and Kristensen [70]. The green ﬁeld in the background outlines data from the Meso- and Eoarchaean Tartoq and Isua assemblages [112,111] and references
therein. Note that the geochemical variation of the Akia association shows similar trends. The purple ﬁeld represents examples of mantle peridotites from the Oman ophiolite
for reference [45,48].
Fig. 5. Primitive mantle-normalised multi element diagram showing the depleted patterns for the the Seqi dunites and the Fiskefjord peridotites. Note the consistent positive
Pb-anomalies, which may have been derived from the adjacent orthogneisses. The obvious positive Hf, Zr, and Ti anomalies for the Fiskefjord peridotites, may be related to
accessory ilmenite or a similar phase (see main text). The grey ﬁeld shows the total range of the data. PM-values are from Palme and O’Neill [91].
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fore likely reﬂect inclusion-rich grains. Additionally, a criterium
of Fe-total >1 cpfu was used to exclude metamorphic magnetite.A metamorphic origin of these grains is supported by their
elevated Mn, Zn and Ti and by their low Mg and Al contents, which
is typical for disturbed spinel cf. [25]. This cut-off value happens to
Fig. 6. Platinum-group element patterns normalised to chondrite [33]. The Rh-depletion may be corresponding to Rh-rich mineralisation found within norites of the Amikoq
complex (see Section 6.2). The grey ﬁeld shows the total range of the data. Please note where an element was found to be below the detection limit (DL), its presence at half of
that value is assumed in order to plot coherent patterns. The respective DLs can be found in Table S4.
Fig. 7. Olivine and chromite compositions of the Fiskefjord region peridotites. (a) NiO (wt.%) in olivine versus their fosterite contents (Mg#). Note the tight range for the Seqi
dunites with a median Mg# of 92.6. The mantle array is from Takahashi et al. [114]. (b) Cr# in spinel vs. Mg# in spinel showing a distinct trend for the Seqi dunites relative to
the rest of the Fiskefjord samples, each of which has been marked with a different colour. The ﬁelds of Oman harzburgites and chromitites are from Rollinson [96] and the
boninite ﬁeld is from Ishikawa et al. [57]. Please note that the two legends do not use the same colour coding for the different sample numbers.
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to potentially discriminate between metamorphic and primary
igneous compositions [52,16]. This effectively ﬁlters out Fe3+-rich
spinel (magnetite) that may have formed during metamorphism
of the peridotites. We plot these ﬁltered spinel data in the diagram
of Fig. 7b, but also show the high-Fe analyses (black dots). Fe3+# is
calculated (assuming stoichiometry) according to the following
formula: Fe3+# = 100 molar Fe3+/(Fe3+ + Al + Cr). The Cr# of the
spinel is calculated as Cr# = 100 molar Cr/(Cr + Al). Spinel is
generally zoned with higher Cr# and lower Mg# rims and vice
versa for their cores; however the opposite case was observed for
sample Seqi-2. The chromite in the Seqi dunites fall on a trend that
is distinct from those of the Fiskefjord peridotites (Fig. 7b). The Cr#
of the Seqi dunites ranges from 19.3 to 81.3, whereas the Fiskefjord
peridotites have Cr# ranging from 6.6 to 41.0. Their Mg#s range
from 23.9 to 72.1 and 31.3 to 73.3, respectively. Temperatures
based on Fe–Mg exchange of olivine-spinel mineral pairs were
calculated according Ballhaus et al. [5] and ranges of 502–545 C
(sample 482032) and 535–541 C (sample Seqi-2) were found.
Fig. 8 shows a plot of the above-mentioned olivine-spinel pairsfrom the Seqi Olivine Mine relative to the olivine-spinel mantle
array (OSMA) of Arai [1]. Sample 482065 contains abundant ilme-
nite, but also has magnesian chromite (Fig. 7).
The pyroxene in the Fiskefjord peridotites are nearly pure
enstatite, with a median component of En88.0, Fs11.5, and Wo0.55.
Na2O is below 0.04 wt.%, TiO2 is less than 1.6 wt.%, the median
Al2O3 contents is 2.5 wt.% and the median Cr2O3 contents is
1.5 wt.%. The pyroxene has Mg# ranging from 82.1 to 92.8 (median
of 88.2).
Only two samples from Seqi (Seqi-1 and 482033) contain
amphibole. The former contains mainly magnesio-hornblende,
whereas the latter contains tremolite. Several of the Fiskefjord
peridotites contain amphibole, and are dominated by magnesio-
hornblende with some tremolite, while sample 482057 is the only
sample to contain signiﬁcant amounts of pargasite. The amphi-
bole have MgO contents of 17.2 to 24.3 wt.% and Mg# > 83.7
(median 88.5). They have highly variable Al2O3 ranging from
0.09 to 13.2 wt.%, but constant CaO of 11.1 to 13.6 wt.%. Their
median TiO2 contents is 0.66 wt.% and their median Cr2O3 is
0.5 wt.%.
Fig. 8. Plot of olivine–chromite pairs from the Seqi Olivine Mine (red squares)
showing some variation in spinel Cr# at essentially constant olivine Mg#. Olivine-
spinel mantle array (OSMA) from Arai [1].
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6.1. Major and trace element variation
In most bivariate plots, the Fiskefjord region peridotites form an
array extending from about 50 wt.% MgO towards the regional
maﬁc rocks of the Akia terrane (Fig. 4). The Seqi dunites are gener-
ally more refractory than the Fiskefjord peridotites in terms of
their major element compositions, and their incompatible trace
element contents are also signiﬁcantly lower (Fig. 5). Such refrac-
tory compositions are consistent with the very large proportion
of modal olivine in the rocks, which is not capable of hosting
incompatible trace elements. The elevated high-ﬁeld strength
element (HFSE) content that is seen as positive anomalies in sev-
eral of the peridotites likely reﬂects an accessory mineral that
has yet to be identiﬁed, because these elements are not compatible
in either olivine or chromite (cf. GERM database; [55]).
The rocks of the Akia terrane have experienced a complex
metamorphic history, with potential early hydrothermal alteration
followed by granulite-facies metamorphism and then retrogres-
sion to amphibolite-facies conditions. Given that the incompatible
trace element abundances for these ultramaﬁc rocks are rather
low, and generally below the values for primitive mantle, one
has to be careful not to over-interpret their geochemical features,
as these compositions would be susceptible to subsequent modi-
ﬁcation during alteration and metasomatism. Both groups of ultra-
maﬁc rocks have relatively depleted trace element compositions,
but have slightly enriched LREE, Th, U, and Nb, which give them
U-shaped trace element pattern. This could either be the result of
overprinting by a melt-component (inter-cumulus liquid?), or it
could reﬂect the composition of the magma from which these peri-
dotites may have been derived. Those particular elements (except
for U) are unlikely to have been transported by metamorphic ﬂuids
as they are generally immobile [75]. In contrast, the strongly posi-
tive Pb-anomalies and U could easily have been added from the
surrounding TTG orthogneisses, either during their intrusion at
ca. 3050 Ma or during the regional metamorphic event at ca.
2975 Ma. The preferential addition of Th over Nb could perhaps
be indicative of the involvement of supercritical ﬂuids rather thana melt-component, because the latter would not be expected to
fractionate these incompatible elements signiﬁcantly [63].
We have tested a simpliﬁed inversion model of the trace ele-
ment compositions of the Seqi dunites (cf., [10]). Because these
rocks are absolutely dominated by olivine (>95% modal contents),
the composition of the melt from which they crystallised could
potentially be calculated by applying appropriate partition coefﬁ-
cients, under the assumption that no high-D accessory minerals
or interstitial melt was originally present in these rocks.
However, these assumptions are not supported by the modelling,
because the results yield REE abundances up to two orders of mag-
nitude higher than those observed for the associated maﬁc supra-
crustal rocks of the Akia terrane. This suggests a signiﬁcant
proportion of trapped interstitial liquid. However, given the com-
plicated history of these dunites, it is virtually impossible to make
any meaningful interpretation of this discrepancy, other than
acknowledging that they were likely affected by signiﬁcant early
metasomatism and/or modiﬁed by trapped interstitial liquids.
It is interesting to note that there appears to be a peak in the Cr-
contents of the Fiskefjord peridotites at about 40 wt.% MgO (Fig. 4).
Cr is to some extent positively correlated with the Al2O3, FeOt,
TiO2, and V contents of the peridotites, which is consistent with
their presence in chromite. The positive HFSE-anomalies (Hf, Zr,
and Ti), which are also observed for the Seqi dunites are particu-
larly obvious for the Fiskefjord peridotites (Fig. 5). These cannot
be explained by the higher modal chromite contents in these com-
pared to the Seqi dunites, because these elements are generally
incompatible in chromite [55], as also mentioned above. The
HFSE may therefore be hosted by a yet unidentiﬁed accessory
phase, although it should be noted that ilmenite is present in some
of the samples and that this mineral may in fact represent a suit-
able host for these particular elements.
Several thin, parallel chromitite layers can be traced for tens of
metres, and some layers appear to have been strongly folded and
even buckled prior to complete solidiﬁcation of their olivine host
rock (Fig. 2c and d). This deformation would likely have taken place
under very hot conditions, because dunite behaves in a competent
manner during the regional metamorphism. We consider this type
of tight folding to be potential evidence of syn-magmatic deforma-
tion, because they do not follow the regional structural patterns.
This would be consistent with a cumulate origin for these
peridotites.
The geochemical variation seen for the Fiskefjord region peri-
dotites and the regional Akia data is similar to what was reported
recently for the ca. 3200 Ma Tartoq Group and the >3700 Ma Isua
supracrustal belt (Fig. 4), which are also located in the North
Atlantic craton of SW Greenland [112,111]. These studies
concluded that olivine-dominated fractional crystallisation was
able to explain the evolution of those tholeiitic and boninitic
magmas. It was suggested that the observed compositions of those
serpentinites are due to their formation as products of crystal
fractionation coupled with melt-rock interaction. A similar major
element variation is observed for the Akia regional data combined
with the data for the Fiskefjord region peridotites reported in the
present study (Fig. 4). This supports a strong control by fractional
crystallisation processes on the geochemical variation for the maﬁc
to ultramaﬁc enclaves found within the orthogneisses in this
region. A cumulate model for the Fiskefjord region peridotites is
explored further in Section 6.4.
6.2. Platinum-group element patterns
The PGE distribution in ultramaﬁc rocks can be used as a
petrogenetic tool to distinguish between mantle, magma and
cumulate rocks [53,54,8]. Nevertheless, the PGE patterns of the
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these peridotites have ﬂat to slightly negative slopes for the
IPGEs at around 0.01 times chondrite, which is common for mantle
rocks. However, they all have negative Rh-anomalies in
combination with mantle-like Pt contents. One sample (Seqi-2)
has a positive slope, which is typical of magmas or their derivative
cumulates, and this sample also has the unusual depletion in Rh.
The remaining three samples have negative Ir-anomalies, which
is typical of cumulates. Neither Pd nor Rh form alloys, whereas
IPGEs are compatible in olivine and Ru in chromite [18,80]. Thus,
the PGE patterns of the Fiskefjord region peridotites are overall
compatible with a cumulate origin controlled by the accumulation
of olivine plus chromite and perhaps associated alloys or platinum-
group element minerals.
The consistently negative Rh-anomalies in the peridotites
(Fig. 6) is interesting because Rh-rich mineralisation (up to
187 ppb) is reported to be hosted by norites (feldspatic pyroxe-
nites) in the Amikoq complex [50]). Thus, it appears that at least
some of the PGEs may have been distributed according to local
fractional crystallisation processes, which led to the differentiation
of peridotites, norites and orthopyroxenites in the Fiskefjord
region. Unfortunately, currently no PGE data is available for the
chromitite layers hosted by the Seqi dunites, but it is not unlikely
that these could also host PGE mineralisation (e.g., [30,65,69,20].
Interestingly, the dunites all have Pd contents below the
detection limit, which may thus be concentrated elsewhere in
the magmatic system perhaps as a result of sulﬁde saturation
(cf., [74]. However, sulﬁdes are not common in these rocks
and fractional crystallisation processes involving silicates,
oxides and perhaps platinum-group minerals appear to have con-
trolled the PGE distribution. Alternatively, the low Pd contents
may reﬂect loss of sulﬁde during the peak granulite-facies
metamorphism.
Chromitites found within mantle rocks are mostly of the
podiform type, although layered examples are also found, but their
petrogenesis is still debated. Podiform chromitites in the mantle
are believed by some to have formed by redox changes or by repla-
cive processes [90,4,46], whereas stratiform chromitites are
thought to form by fractional crystallisation processes typically
involving some wall-rock assimilation [103]. The latter would be
consistent with the observation that the chromitites of the Seqi
body appears to be constrained to the present north-eastern
margin at the contact to the TTG-gneisses. The chromitites also
occur as distinct horizons that may display early folding or perhaps
even slumping and rupture during magmatic conditions. However,
there are no accepted diagnostic differences between mantle and
cumulate chromitites, and thus even the above ﬁeld observations
are non-unique.
6.3. Mineral compositions
It cannot be ruled out that the Fiskefjord region peridotites may
have experienced signiﬁcant serpentinisation at some early stage
in their complex history and later olivine-growth during peak
granulite-facies metamorphism. This would obviously affect the
signiﬁcance of the observed spinel and olivine compositions. The
Seqi olivine form a very tight range of Mg#, but have rather vari-
able NiO concentrations (Fig. 7a). It is worth noting that mantle
xenoliths in the North Atlantic craton have refractory olivine
compositions, which in some cases average 92.8 [15,16]. This value
is surprisingly similar to the median value of 92.6 that is reported
here for the Seqi dunites. Such highly magnesian olivine composi-
tions could either reﬂect derivation from some form of high-Mg
mantle-derived magma, very large degrees of melt extraction from
a mantle residue, or alternatively subsolidus/metamorphic over-
printing. However, as pointed out above, the Fiskefjord regionperidotites likely represent cumulates rather than mantle residues,
because of their close association with noritic cumulates and due
to their major element systematics (see Section 6.1). They could
have formed via crystal fractionation of high-Mg magmas like
komatiites, but such rocks are not known from the Fiskefjord or
Nuuk regions, or even elsewhere in the North Atlantic craton.
Mantle plume-related volcanism has so far not been documented
in the Archaean rock record of this region, as OIB-type volcanics
are not present [39,113]. A dry magma origin is not supported by
the late crystallisation of plagioclase and the presence of amphi-
bole/clinopyroxene in the Fiskefjord rock association, as we will
discuss in more detail in Section 6.4 below.
All of the Fiskefjord region peridotites have spinel compositions
which are distinctly different from the mantle harzburgite array
e.g., [27,96], and none of the spinel analyses plot anywhere near
the ﬁeld of boninites. Fig. 7b shows that the spinel compositions
of the Seqi dunites plot outside of the mantle ﬁeld, but are within
the range of spinel from tholeiitic basaltic magmas (not shown),
based on the global data of Barnes and Roeder [7]. The spinel of
the Fiskefjord peridotites also plot outside of the mantle ﬁeld,
but these are generally not as Cr-rich as spinel from basaltic rocks.
This appears to be consistent with a cumulate origin for these peri-
dotites. However, metamorphic spinel also show similar trends,
which extend towards the Fe–Cr-rich corner [7]. In particular, the
high-Fe analyses, which also have elevated Fe3+# (>15) are
typically interpreted to represent overprinted spinel, which is
observed even in fresh peridotites e.g., [52,89,44]. This could
indeed be due to low temperature Fe–Mg exchange between
olivine, spinel and perhaps low-T metamorphic phases, such as
chlorite, talc or serpentine. The relatively low temperatures
recorded by Fe–Mg exchange between olivine and spinel (see
Section 5.3) clearly indicates subsolidus metamorphic equilibra-
tion. This is supported by the trends that are seen in Fig. 7b, which
are typical of amphibolite-facies metamorphic disturbance of chro-
mite in metaperidotites [31,88,7,99,9]. Therefore, it does not
appear likely that the highly fosteritic olivine compositions are a
primary igneous feature, but it may rather reﬂect the interplay
between the olivine-rich refractory bulk-rock composition of their
host rocks and metamorphic and subsolidus re-equilibration.
Applying the relations of Roeder and Emslie [95] for olivine-
liquid equilibria would require highly magnesian magmas with
FeOt/MgO ratios as low as 0.36, in order to produce the most fos-
teritic olivine observed among the Seqi dunites (up to Fo93.7). As
mentioned above, ultramaﬁc volcanic rocks, such as komatiites,
are not observed in the Akia terrane according to Garde [39].
Additionally, Fe–Mg has notoriously fast diffusivity in olivine
[38]. Therefore it seems more likely that the highly fosteritic
olivine are the result of metamorphic Fe–Mg exchange between
olivine and spinel. This is consistent with the obvious trends of
Fe-enrichment that are seen for the spinel in Fig. 7b. Similar
ferrichromite formation is even observed in fresh peridotites, such
as those of the Thetford Mines Ophiolite Complex [89].
The origins of amphibole in the Fiskefjord peridotites is not well
constrained by the available data, as they could represent either
metamorphic or primary igneous minerals. Similar compositions
are known from the Mesoarchaean Fiskenæsset Anorthosite com-
plex, which is also found in SW Greenland. Huang et al. [56] con-
cluded that the magnesio-hornblende found in Fiskenæsset
peridotites was of primary igneous origin, and not metamorphic,
based on their trace element compositions. They inferred that
amphibole had crystallised after olivine and pyroxene, but before
plagioclase. This crystallisation order is also possible for the
Fiskefjord region association of peridotites and norites. However,
trace element data are currently unavailable for the amphibole in
these peridotites and thus their origin cannot be constrained
further. It should be noted that late faults within the Seqi Olivine
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Appendix A), so at least some amphibole is likely to be sec-
ondary/metamorphic in origin. Therefore, it is possible that some
amphibole formed by metamorphic reactions between ﬂuid, opx
and chromite, or alternatively these may represent retrograde
metamorphic hydration of primary clinopyroxene (cpx).
6.4. Petrogenesis of the Fiskefjord region peridotites
As statedabove,we lean towards a cumulate rather thanamantle
origin for the Fiskefjord region peridotites based on several lines of
evidence presented in this study. First of all, the arrays seen in the
major element data, which are spreading out from about 50 wt.%
MgO (Fig. 4) is not typical of mantle residues, but is consistent with
fractional crystallisation (olivine + opx) in addition to melt-rock
interaction. The elevated FeOt content (up to 19 wt.%) of these peri-
dotites is alsonot typical ofmantle rocks, not even formelt-modiﬁed
dunites cf. Hanghøj et al. [48]. However, elevated Fe is rather com-
mon for ultramaﬁc cumulates [83,61,73,115,58]. A cumulate origin
may be supported by the ﬁeld observations of ductile deformation
of laterally extensive, parallel layers of chromitites within the
dunites, although some mantle sections also display such layered
chromitites. The association of the peridotiteswith norites that have
clearly interstitial plagioclase, and orthopyroxenite sheets with dis-
tinct orthocumulus textures [39,70], is also consistent with a cumu-
late origin for this entire rock assemblage. Thus, the Fiskefjord
region peridotites likely formed as a result of crystal fractionation
in a shallow magma chamber or alternatively in a melt conduit.
Differentiation of a high-Mg magma, could potentially also have
generated the maﬁc to andesitic volcanic rocks of the Akia terrane.
A cumulate origin for the dunitic to noritic rocks of the Fiskefjord
region is further supported by the geochemical variation seen from
the previously published regional data (Fig. 4). As mentioned in
Section 6.1, these trends are similar to those found by Szilas et al.
[112], Szilas et al. [111] for the ca. 3200 Ma Tartoq Group and the
>3700 Ma Isua supracrustal belt. The above studies concluded that
olivine-dominated fractional crystallisation could explain themajor
element variation (SiO2, MgO and FeOt) of both tholeiitic and boni-
nitic magma series. The observed compositions of the Tartoq–Isua
ultramaﬁc rocks are consistent with their formation as products of
crystal fractionation coupledwithmelt-rock interaction (interstitial
liquids). An even bettermatch between the lava series and the ultra-
maﬁc cumulates of the Tartoq and Isua data, would be obtained if
opx was crystallising at the same time as olivine. However, the
above-mentioned ultramaﬁc rocks were completely serpentinised,
so that there is no evidence for opx other than from normative cal-
culations. In contrast, the Fiskefjord region peridotites contain
robust evidence for the crystallisation of opx in the form of harzbur-
gites and norites.
The pyroxenites of the Akia terrane from Garde [39] have MgO
contents around 20 wt.%. Similar bulk-rock compositions were
reported by Szilas et al. [107], suggesting that such pyroxene-
dominated cumulate compositions may be common in the
Archaean supracrustal belts of SW Greenland. Cumulate harzbur-
gite and norite is known from Archaean and Proterozoic maﬁc–ul-
tramaﬁc intrusions, such as the Stillwater and Bushveld complexes
(e.g., [62,21]. However, neither the parental melt composition or
the processes that resulted in the early crystallisation of opx, fol-
lowed by plagioclase rather than clinopyroxene (cpx), are well
understood (e.g., [6,119,37,78,84,92,51]. It should be noted that
modern examples of boninites show evidence for early crys-
tallisation of opx [71,22,17], and that experimental studies have
also conﬁrmed the early crystallisation of opx from boninitic mag-
mas [116,117]. The U-shaped trace element patterns of the
Fiskefjord ultramaﬁc rocks do resemble those of modern boninites,
and thus it is possible that the trace element patterns may reﬂecttheir parental magma composition due to trapped liquids. The cur-
rent understanding of boninites indicates that they are the prod-
ucts of hydrous melting of previously depleted mantle
([13,11,68]. A similar model could potentially be invoked for the
petrogenesis of the Fiskefjord rocks, because hydrous conditions
are suggested by the late crystallisation of plagioclase, which fur-
thermore indicates shallow conditions for the fractionation of the
parental magma [101,32,47]. Although there is currently no data
available for the norites of the Amikoq complex we note that most
of the peridotites in the present study have negative Eu-anomalies,
which supports a co-magmatic relationship between these litholo-
gies, although Eu2+ is susceptible to disturbance.
Hydrous conditions would be further supported if the amphi-
bole in the harzburgites was a primary igneous mineral; however
this has yet to be determined by in situ LA-ICP-MS trace element
data. If on the other hand the amphibole represent hydrated
clinopyroxene (cpx), then this may still support hydrous condi-
tions, given that cpx-bearing cumulates are also common in arc-re-
lated setting [58]. It should, however, be noted that in detail there
is a discrepancy between the geochemical composition of the Akia
terrane supracrustal rocks (basalts to andesites) and the Isua boni-
nites. This is evident by the higher TiO2 contents of Akia terrane
supracrustal rocks for any given MgO, in combination with ﬂat to
slightly enriched incompatible trace element patterns. A closer
resemblance for the basaltic range of the Akia supracrustal rocks
is observed when comparing them with Mesoarchaean tholeiitic
basalts of the Tartoq Group in SW Greenland [105,109]. The
Al2O3/TiO2 ratios of the Fiskefjord region peridotites are inter-
mediate between the Tartoq and Isua serpentinites. Nevertheless,
the Akia terrane supracrustal rocks are similar to the Isua boninites
in one important respect, namely their relatively low CaO/Al2O3
ratios. This could potentially explain why opx, rather than cpx
may have been crystallising from these magmas.
The presence of andesites in the Qussuk supracrustal belt is per-
haps also evidence for magmas in which early crystallisation of opx
could be expected, given the silicic compositions of such melts.
These andesites have been invoked as evidence that the Akia
igneous rocks formed in a subduction zone setting [40]. Based on
geochemical modelling, Mesoarchaean subduction-related mag-
matic processes were also suggested by Szilas et al. [106], Szilas
et al. [108] to explain andesites from the Tasiusarsuaq terrane,
and subduction zone processes have even been proposed for
Eoarchaean rocks in the Nuuk region of SW Greenland based on
geochemical arguments and the presence of boninites [93,60,35].
There is also abundant independent support for convergent tecton-
ics in SW Greenland during the Archaean as seen from structural
and metamorphic evidence [19,81,49,118,66,67,29,64,28]. Thus,
the Fiskefjord region peridotites could potentially have formed in
a hydrous arc-related setting. Nonetheless, further ﬁeld work is
needed in order to establish the details of the relationship between
these peridotites and the associated maﬁc to andesitic supracrustal
rocks. Future petrological and geochemical research is also
required speciﬁcally on the norites and orthopyroxenites, as well
as the amphibole-bearing harzburgite, in order to fully understand
the petrogenesis for the Fiskefjord region peridotites.
7. Conclusions
The main features of the Mesoarchaean peridotites from the
Fiskefjord region of the Akia terrane described in this study can
be summarised as follows:
 Field observations include laterally extensive, parallel chromi-
tite layers in the Seqi dunite body, which may be tightly folded
(Fig. 2), interstitial plagioclase in associated norites, and ortho-
cumulus textures in orthopyroxenites of the Amikoq complex.
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92.6 (n = 469) for the Seqi dunites, whereas the Fiskefjord peri-
dotites have ranges from 83.2 to 92.4, with a median value of
89.2 (n = 356).
 Spinel in the Seqi dunites have compositions that are distinct
from those of the Fiskefjord peridotites with primary Cr# rang-
ing from 19.3 to 81.3 and 6.6 to 41.0, respectively. Spinel Mg#
range from 23.9 to 72.1 and 31.3 to 73.3, respectively.
 Pyroxene compositions in the peridotites are highly magnesian
(median Mg# of 88.2) with a median enstatite component of
En88. Amphibole is also very magnesian with Mg# > 83.7 and
consists mainly of magnesio-hornblende.
 The platinum-group element patterns of the Fiskefjord region
peridotites are variable, but some have fractionated IPGEs con-
sistent with a cumulate origin. They mostly have negative Rh-
anomalies, which may represent the source for Rh mineral-
isation, which has been documented in the associated norites
of the Amikoq complex.
 Bulk-rock geochemical trends of the peridotites in combination
with previously published data for the intercalated norites, pyr-
oxenites and amphibolites, are consistent with the inter-
pretation that these maﬁc–ultramaﬁc rocks may be related by
fractional crystallisation processes.
Given the above mineralogical and geochemical characteristics,
in combination with the ﬁeld observations, it is concluded that the
Mesoarchaean peridotites of the Fiskefjord region likely formed as
cumulates related to fractional crystallisation of high-Mg, low CaO/
Al2O3 magmas, with late crystallisation of plagioclase. However,
the measured spinel and olivine grains are unlikely to preserve
their primary magmatic compositions, because they appear to be
recording Fe–Mg exchange during subsolidus/metamorphic
overprinting. The geodynamic environment in which these peri-
dotites formed has yet to be established.
Acknowledgements
We thank Jean Bédard and Sonja Aulbach for thorough reviews,
and David Pyle for editorial handling of the manuscript. The
Geological Survey of Denmark and Greenland (GEUS) is acknowl-
edged for permission to publish the data, and Bo M. Stensgaard
and Kim H. Esbensen from GEUS are thanked for supplying some
of the samples from Seqi and Fiskefjord for this study. Ole
Christiansen of NunaMinerals A/S is acknowledged for generous
support by giving us access to samples from Amikoq, and for help
during ﬁeldwork in this region. Juliane Gross and Louise Bolge are
thanked for assistance with the electron microprobe analysis at
AMNH and the ICP-MS analysis at LDEO, respectively. This work
was supported by a research Grant VKR023371 from Villum
Fonden.
Appendices. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.grj.2015.03.003.
References
[1] Arai S. Characterization of spinel peridotites by olivine-spinel compositional
relationships: review and interpretation. Chem Geol 1994;113:191–204.
[2] Armitage P. Exploration in the Amikoq sub-area of licence 2005/16
Fiskevandet, southern West Greenland, 2009. NunaMinerals A/S company
report. Archived as GEUS report ﬁle 22146, 2009.
[3] Asmund G, Boertmann D, Johansen P. Baseline and monitoring studies at the
Seqi mine 2004 to 2007. National Environmental Research Institute, NERI
technical report No. 715, Denmark: Aarhus University; 2009. 90 pp.
[4] Ballhaus C. Origin of podiform chromite deposits by magma mingling. Earth
Planet Sci Lett 1998;156:185–93.[5] Ballhaus C, Berry RF, Green DH. High pressure experimental calibration of the
olivine–orthopyroxene–spinel oxygen barometer: implications for the
oxidation state of the mantle. Contrib Miner Petrol 1991;107:27–40.
[6] Barnes SJ. Are Bushveld U-type parent magmas boninites or contaminated
komatiites? Contrib Miner Petrol 1989;101:447–57.
[7] Barnes SJ, Roeder PL. The range of spinel compositions in terrestrial maﬁc and
ultramaﬁc rocks. J Petrol 2001;42:2279–302.
[8] Barnes S-J, Naldrett AJ, Gorton MP. The origin of fractionation of platinum-
group elements in terrestrial magmas. Chem Geol 1985;53:303–23.
[9] Bazylev BA, Ledneva GV, Kononkova NN, Ishiwatari A. High-pressure
ultramaﬁcs in the lower crustal rocks of Pekul’ney complex, central Chukchi
peninsula. 1. Petrography and mineralogy. Petrology 2013;21:221–48.
[10] Bédard JH. A procedure for calculating the equilibrium distribution of trace
elements among the minerals of cumulate rocks, and the concentration of
trace elements in the coexisting liquids. Chem Geol 1994;118:143–53.
[11] Bédard JH. Petrogenesis of boninites from the Betts Cove ophiolite,
Newfoundland, Canada: identiﬁcation of subducted source components. J
Petrol 1999;40:1853–89.
[12] Bédard JH. How many arcs can dance on the head of a plume?: A ‘Comment’
on: a critical assessment of Neoarchean ‘plume only’ geodynamics: evidence
from the Superior province, by Derek Wyman, Precambrian Research, 2012.
Precambr Res 2013;229:189–97.
[13] Bédard JH, Lauziere K, Tremblay A, Sangster A. Evidence for forearc seaﬂoor-
spreading from Betts cove ophiolite, Newfoundlander: oceanic crust of
boninitic afﬁnity. Tectonophysics 1998;284:233–45.
[14] Bennett VC, Nutman AP, Esat TM. Constraints on mantle evolution from
187Os/188Os isotopic compositions from Archaean ultramaﬁc rocks from
southern west Greenland (3.8 Ga) and western Australia (3.46 Ga). Geochim
Cosmochim Acta 2002;66:2615–30.
[15] Bernstein S, Kelemen PB, Hanghøj K. Consistent olivine Mg# in cratonic
mantle reﬂects Archean mantle melting to the exhaustion of orthopyroxene.
Geology 2007;35:459–62.
[16] Bernstein S, Szilas K, Kelemen PB. Highly depleted cratonic mantle in West
Greenland extending into diamond stability ﬁeld in the Proterozoic. Lithos
2013;168:160–72.
[17] Bloomer SH, Hawkins JW. Petrology and geochemistry of boninite series
volcanic rocks from theMariana trench. ContribMiner Petrol 1987;97:361–77.
[18] Brenan JM, Finnigan CF, McDonough WF, Homolova V. Experimental
constraints on the partitioning of Ru, Rh, Ir, Pt and Pd between chromite
and silicate melt: the importance of ferric iron. Chem Geol 2012;302:16–32.
[19] Bridgwater D, McGregor VR, Myers JS. A horizontal tectonic regime in the
Archaean of Greenland and its implications for early crustal thickening.
Precambr Res 1974;1:179–97.
[20] Brough CP, Prichard HM, Neary CR, Fisher PC, McDonald I. Geochemical
variations within podiform chromitite deposits in the shetland ophiolite:
implications for petrogenesis and PGE concentration. Econ Geol 2015;110:
187–208.
[21] Cameron EN. The lower zone of the eastern Bushveld Complex in the Olifants
River trough. J Petrol 1978;19:437–62.
[22] Cameron WE, Nisbet EG, Dietrich VJ. Boninites, komatiites and ophiolitic
basalts. Nature 1979;280:550–3.
[23] Christiansen O. The Seqinnersuuaq olivine deposit southern West Greenland
– A review of geological and technical information. NunaOil A/S company
report. GEUS report ﬁle 21628, 1997, 137 pp.
[24] Christiansen O. The Seqinnersuuaq olivine deposit southern West Greenland
– preliminary magnetic separation tests. NunaOil A/S company report. GEUS
report ﬁle 21625, 1998, 8 pp.
[25] Colás V, Gonzalez-Jimenez JM, Grifﬁn WL, Fanlo I, Gervilla F, O’Reilly SY,
Pearson NJ, Kerestedjian T, Proenza JA. Fingerprints of metamorphism in
chromite: new insights from minor and trace elements. Chem Geol
2014;389:137–52.
[26] Dahl O. Seqi olivine deposit report 2003. Crew gold corporation report for
Bureau of Minerals and Petroleum (BMP), 2004, 94 pp.
[27] Dick HJ, Bullen T. Chromian spinel as a petrogenetic indicator in abyssal and
alpine-type peridotites and spatially associated lavas. Contrib Miner Petrol
1984;86:54–76.
[28] Dyck B, Reno BL, Kokfelt TF. The Majorqaq belt: a record of Neoarchean
orogenesis during ﬁnal assembly of the North Atlantic Craton, southern West
Greenland. Lithos 2015;220–223:253–71.
[29] Dziggel A, Diener JFA, Kolb J, Kokfelt TF. Metamorphic record of accretionary
processes during the Neoarchaean: the Nuuk region, southern West
Greenland. Precambr Res 2014;242:22–38.
[30] Escayola, M, Murphy DC, Garuti G, Zaccarini F, Proenza JA, Aiglsperger T, et al.
First ﬁnding of Pt–Pd-rich chromitite and platinum-group element
mineralization in southwest Yukon mantle peridotite complexes. Yukon
Geological Survey, Open File 12, 2012, 18 pp.
[31] Evans BW, Frost BR. Chrome-spinel in progressive metamorphism – a
preliminary analysis. Geochim Cosmochim Acta 1974;39:959–72.
[32] Feig ST, Koepke J, Snow JE. Effect of water on tholeiitic basalt phase equilibria:
an experimental study under oxidizing conditions. Contrib Miner Petrol
2006;152:611–38.
[33] Fisher-Gödde M, Becker H, Wombacher F. Rhodium, gold and other highly
siderophile element abundances in chondritic meteorites. Geochim
Cosmochim Acta 2010;74:356–79.
[34] Friend CR, Nutman AP. New pieces to the Archaean terrane jigsaw puzzle in
the Nuuk region, southern West Greenland: steps in transforming a simple
K. Szilas et al. / GeoResJ 7 (2015) 22–34 33insight into a complex regional tectonothermal model. J Geolog Soc
2005;162:147–62.
[35] Friend CR, Nutman AP. Eoarchean ophiolites? New evidence for the debate on
the Isua supracrustal belt, southern West Greenland. Am J Sci
2010;310:826–61.
[36] Friend CRL, Bennett VC, Nutman AP. Abyssal peridotites >3800 Ma from
southern west Greenland: ﬁeld relationships, petrography, geochronology,
whole-rock andmineral chemistry of dunite and harzburgite inclusions in the
Itsaq Gneiss Complex. Contrib Miner Petrol 2002;143:71–92.
[37] Gaetani GA, Grove TL. The inﬂuence of water on melting of mantle peridotite.
Contrib Miner Petrol 1998;131:323–46.
[38] Gaetani GA, Watson EB. Open system behavior of olivine-hosted melt
inclusions. Earth Planet Sci Lett 2000;183:27–41.
[39] Garde AA. Accretion and evolution of an Archaean high-grade grey gneiss–
amphibolite complex: the Fiskefjord area southern West Greenland. Geol
Greenl Surv Bullet 1997;177:115.
[40] Garde AA. A mid-Archaean island arc complex in the eastern Akia terrane,
Godthåbsfjord, southern West Greenland. J Geol Soc 2007;164:565–79.
[41] Garde AA, Stendal H, Stensgaard BM. Pre-metamorphic hydrothermal
alteration with gold in a mid-Archaean island arc, Godthåbsfjord, West
Greenland. Geol Surv Denmark Greenl Bull 2007;13:37–40.
[42] Garde AA, Whitehouse M, Christensen R. Mesoarchean epithermal gold
mineralization preserved at upper amphibolite-facies grade, Qussuk,
southern West Greenland. Econ Geol 2012;107:881–908.
[43] Garde AA, Dyck B, Esbensen KH, Johansson L, Möller C. The Finnefjeld domain,
Maniitsoq structure, West Greenland: differential rheological features and
mechanical homogenisationin response to impacting? Precambr Res
2015;255:791–808.
[44] Gervilla F, Padrón-Navarta JA, Kerestedjian T, Sergeeva I, González-Jiménez
JM, Fanlo I. Formation of ferrian chromite in podiform chromitites from the
Golyamo Kamenyane serpentinite, Eastern Rhodopes, SE Bulgaria: a two-
stage process. Contrib Miner Petrol 2012;164:643–57.
[45] Godard M, Jousselin D, Bodinier JL. Relationships between geochemistry and
structure beneath a palaeo-spreading centre: a study of the mantle section in
the Oman ophiolite. Earth Planet Sci Lett 2000;180:133–48.
[46] González-Jiménez JM, Grifﬁn WL, Proenza JA, Gervilla F, O’Reilly SY, Akbulut
M, Pearson NJ, Arai S. Chromitites in ophiolites: How, where, when, why? Part
II. The crystallization of chromitites. Lithos 2014;189:140–58.
[47] Greene AR, DeBari SM, Kelemen PB, Blusztajn J, Clift PD. A detailed
geochemical study of island arc crust: the Talkeetna arc section, South-
Central Alaska. J Petrol 2006;47:1051–93.
[48] Hanghøj K, Kelemen PB, Hassler D, Godard M. Composition and genesis of
depleted mantle peridotites from the Wadi Tayin Massif, Oman Ophiolite;
major and trace element geochemistry, and Os isotope and PGE systematics. J
Petrol 2010;51:201–27.
[49] Hanmer S, Greene DC. A modern structural regime in the Paleoarchean
(3.64 Ga); Isua Greenstone Belt, southern West Greenland. Tectonophysics
2002;346:201–22.
[50] Harmer RE. Geological consulting: ﬁeld work for NunaMinerals 12 June–2
July 2009. Internal company report, 2009, 20 pp.
[51] Harris C, Pronost JJ, Ashwal LD, Cawthorn RG. Oxygen and hydrogen isotope
stratigraphy of the Rustenburg Layered Suite, Bushveld Complex: constraints
on crustal contamination. J Petrol 2005;46:579–601.
[52] Hattori KH, Guillot S. Geochemical character of serpentinites associated with
high-to ultrahigh-pressure metamorphic rocks in the Alps, Cuba, and the
Himalayas: recycling of elements in subduction zones. Geochem Geophys
Geosyst 2007;8(9).
[53] Hattori K, Hart SR. PGE and Os isotopic signatures for ultramaﬁc rocks from
the base of the Talkeetna island arc, Alaska. EOS 1997;78:339.
[54] Hattori K, Shirahase T. Platinum group elements and osmium isotope
signatures of the Kohistan island arc sequence, Himalaya–Karakoram area.
EOS 1997;78:829.
[55] Horn I, Foley SF, Jackson SE, Jenner GA. Experimentally determined
partitioning of high ﬁeld strength-and selected transition elements
between spinel and basaltic melt. Chem Geol 1994;117:193–218.
[56] Huang H, Fryer BJ, Polat A, Pan Y. Amphibole, plagioclase and clinopyroxene
geochemistry of the Archean Fiskenæsset Complex at Majorqap qâva,
southwestern Greenland: implications for Archean petrogenetic and
geodynamic processes. Precambr Res 2014;247:64–91.
[57] Ishikawa T, Nagaishi K, Umino S. Boninitic volcanism in the Oman ophiolite:
implications for thermal conditions during transition from spreading arc to
ridge. Geology 2002;30:899–902.
[58] Jagoutz O, Schmidt MW. The composition of the foundered complement to
the continental crust and a re-evaluation of ﬂuxes in arcs. Earth Planet Sci
Lett 2013;371–372:177–90.
[59] Janošek V, Farrow CM, Erban V. Interpretation of whole-rock geochemical
data in igneous geochemistry: introducing Geochemical Data Tool (GCDkit). J
Petrol 2006;47:1255–9.
[60] Jenner FE, Bennett VC, Nutman AP, Friend CRL, Norman MD, Yaxley G.
Evidence for subduction at 3.8 Ga: geochemistry of arc-like metabasalts
from the southern edge of the Isua Supracrustal Belt. Chem Geol 2009;261:
83–98.
[61] Johnson KE, Brady JB, MacFarlane WA, Thomas RB, Poulsen CJ, Sincock
MJ. Precambrian meta-ultramaﬁc rocks from the Tobacco Root
Mountains, Montana. Geological Society of America Special Papers 377,
2004, 71–88.[62] Jones WR, Peoples JW, Howland AL. Igneous and tectonic structures of the
Stillwater Complex, Montana. US Government Printing Ofﬁce. US Geological
Survey Bulletin, 1960; 1071-H: 70 pp.
[63] Kessel R, Schmidt MW, Ulmer P, Pettke T. Trace element signature of
subduction-zone ﬂuids, melts and supercritical liquids at 120–180 km depth.
Nature 2005;437:724–7.
[64] Keulen N, Schumacher JC, Næraa T, Kokfelt TF, Scherstén A, Szilas K, et al.
Meso- and Neoarchaean geological history of the Bjørnesund and Ravns Storø
Supracrustal Belts, southern West Greenland: settings for gold enrichment
and corundum formation. Precambr Res 2014;254:36–58.
[65] Kiseleva ON, Zhmodik SM, Damdinov BB, Agafonov LV, Belyanin DK.
Composition and evolution of PGE mineralization in chromite ores from the
Il’chir ophiolite complex (Ospa–Kitoi and Khara-Nur areas, East Sayan). Russ
Geol Geophys 2014;55:259–72.
[66] Kisters AFM, van Hinsberg VJ, Szilas K. Geology of an Archaean accretionary
complex – the structural record of burial and return ﬂow in the Tartoq Group
of South West Greenland. Precambr Res 2012;220:107–22.
[67] Kolb J, Kokfelt TF, Dziggel A. Geodynamic setting and deformation history of
an Archaean terrane at mid-crustal level: the Tasiusarsuaq terrane of
southern West Greenland. Precambr Res 2012;212:34–56.
[68] König S, Münker C, Schuth S, Luguet A, Hoffmann J, Kuduon J. Boninites as
windows into trace element mobility in subduction zones. Geochim
Cosmochim Acta 2010;74:684–704.
[69] Kozlu H, Prichard H, Melcher F, Fisher P, Brough C, Stueben D. Platinum group
element (PGE) mineralisation and chromite geochemistry in the Berit
ophiolite (Elbistan/Kahramanmaras), SE Turkey. Ore Geol Rev
2014;60:97–111.
[70] Kristensen T. En geologisk og geokemisk tolkning af maﬁske og ultramaﬁske
bjergarter og deres økonomiske mineralpotentiale, Fiskefjordsregionen,
sydlige Vestgrønland (Unpublished M.Sc. thesis), Aarhus University; 2006.
135 pp.
[71] Kuroda N, Shiraki K, Urano H. Boninite as a possible calc-alkalic primary
magma. Bull Volcanologique 1978;41:563–75.
[72] Kystol J, Larsen LM. Analytical procedures in the rock geochemical laboratory
of the geological survey of Denmark and Greenland. Geol Greenl Surv Bull
1999;184:59–62.
[73] Liu Y, Zong K, Kelemen PB, Gao S. Geochemistry and magmatic history of
eclogites and ultramaﬁc rocks from the Chinese continental scientiﬁc drill
hole: subduction and ultrahigh-pressure metamorphism of lower crustal
cumulates. Chem Geol 2008;247:133–53.
[74] Lorand JP, Luguet A, Alard O. Platinum-group element systematics and
petrogenetic processing of the continental upper mantle: a review. Lithos
2013;164:2–21.
[75] MacLean WH, Barrett TJ. Lithogeochemical techniques using immobile
elements. J Geochem Explor 1993;48:109–33.
[76] Mai HN. Seqinnersuuaq olivine deposit – Pre-feasibility study, technical
description and cost estimation. NunaOil A/S company report. GEUS report
ﬁle 21627, 1998, 27 pp.
[77] Maier WD. Platinum-group element (PGE) deposits and occurrences:
mineralization styles, genetic concepts, and exploration criteria. J Afr Earth
Sc 2005;41:165–91.
[78] Maier WD, Arndt NT, Curl EA. Progressive crustal contamination of the
Bushveld Complex: evidence from Nd isotopic analyses of the cumulate
rocks. Contrib Miner Petrol 2000;140:316–27.
[79] Mercier JC, Nicolas A. Textures and fabrics of upper-mantle peridotites as
illustrated by xenoliths from basalts. J Petrol 1975;16:454–87.
[80] Mungall JE, Brenan JM. Partitioning of platinum-group elements and Au
between sulﬁde liquid and basalt and the origins of mantle-crust
fractionation of the chalcophile elements. Geochim Cosmochim Acta
2014;125:265–89.
[81] Myers JS. Protoliths of the 3.8–3.7 Ga Isua greenstone belt, West Greenland.
Precambrian Res 2001;105:129–41.
[82] Naldrett AJ. World-class Ni–Cu–PGE deposits: key factors in their genesis.
Miner Deposita 1999;34:227–40.
[83] Nielsen TFD. The ultramaﬁc cumulates series, Gardiner Complex, East
Greenland – Cumulates in a shallow level magma chamber of a nephelinitic
volcano. Contrib Miner Petrol 1981;76:60–72.
[84] Nielsen SG, Baker JA, Krogstad EJ. Petrogenesis of an early Archaean (3.4 Ga)
norite dyke, Isua, West Greenland: evidence for early Archaean crustal
recycling? Precambr Res 2002;118:133–48.
[85] Nilsson MK, Söderlund U, Ernst RE, Hamilton MA, Scherstén A, Armitage PE.
Precise U-Pb baddeleyite ages of maﬁc dykes and intrusions in southern West
Greenland and implications for a possible reconstruction with the Superior
craton. Precambr Res 2010;183:399–415.
[86] Nutman AP, Friend CR. Adjacent terranes with ca. 2715 and 2650Ma high-
pressure metamorphic assemblages in the Nuuk region of the North Atlantic
Craton, southern West Greenland: complexities of Neoarchaean collisional
orogeny. Precambr Res 2007;155:159–203.
[87] Nutman AP, McGregor VR, Friend CRL, Bennett VC, Kinny PD. The Itsaq Gneiss
Complex of southern West Greenland; the world’s most extensive record of
early crustal evolution (3900–3600 Ma). Precambr Res 1996;78:1–39.
[88] O’Hanley DS. Serpentinites: records of tectonic and petrological history. New
York: Oxford University Press; 1996. 277 pp.
[89] Pagé P, Bédard JH, Schroetter JM, Tremblay A. Mantle petrology and
mineralogy of the Thetford Mines ophiolite complex. Lithos 2008;100:
255–92.
34 K. Szilas et al. / GeoResJ 7 (2015) 22–34[90] Paktunc AD. Origin of podiform chromite deposits by multistage melting,
melt segregation and magma mixing in the upper mantle. Ore Geol Rev
1990;5:211–22.
[91] PalmeH,O’NeillHC. Compositional estimates ofmantle composition. In:Carlson
RW, editor, The Mantle and Core, vol. 2. In: Holland HD, Turekian KK, editors,
Treatise on geochemistry. Oxford, UK: Elsevier-Pergamon, 2003. pp. 1–38.
[92] Parman SW, Grove TL. Harzburgite melting with and without H2O:
experimental data and predictive modeling. J Geophys Res 2004;109(B2).
[93] Polat A, Hofmann AW, Rosing MT. Boninite-like volcanic rocks in the 3.7–3.8
Ga Isua greenstone belt, West Greenland: geochemical evidence for intra-
oceanic subduction zone processes in the early Earth. Chem Geol 2002;184:
231–54.
[94] Polat A, Appel PWU, Frei R, Pan Y, Dilek Y, Ordóñez-Calderón JC, Fryer J, Hollis
JA, Raith JG. Field and geochemical characteristics of the Mesoarchean
(3075 Ma) Ivisaartoq greenstone belt, southern West Greenland: evidence
for seaﬂoor hydrothermal alteration in supra-subduction oceanic crust.
Gondwana Res 2007;11:69–91.
[95] Roeder PL, Emslie R. Olivine-liquid equilibrium. Contrib Miner Petrol
1970;29:275–89.
[96] Rollinson H. Chromite in the mantle section of the Oman ophiolite: a new
genetic model. Island Arc 2005;14:542–50.
[97] Rollinson H. Recognising early Archaean mantle: a reappraisal. Contrib Miner
Petrol 2007;154:241–52.
[98] Rollinson H, Appel PWU, Frei R. A metamorphosed, Early Archaean
chromitites from West Greenland: implications for the genesis of Archaean
anorthositic chromitites. J Petrol 2002;43:2143–70.
[99] Säntti J, Kontinen A, Sorjonen-Ward P, Johanson B, Pakkanen L.
Metamorphism and chromite in serpentinized and carbonate-silica-altered
peridotites of the Paleoproterozoic Outokumpu–Jormua Ophiolite Belt,
Eastern Finland. Int Geol Rev 2006;48:494–546.
[100] Savard D, Barnes S-J, Meisel T. Comparison between Ni-ﬁre assay Te-
copercipitation and isotope dilution with high pressure asher acid digestion
for the determination of platinum-group elements, rhenium and gold.
Geostand Geoanal Res 2010;34:281–91.
[101] Sisson TW, Grove TL. Experimental investigations of the role of H2O in calc-
alkaline differentiation and subduction zone magmatism. Contrib Miner
Petrol 1993;113:143–66.
[102] Søndergaard J, Schiedek D, Asmund G. Environmental monitoring at the Seqi
olivine mine 2008–2009. National Environmental Research Institute, Aarhus
University, 2009. 42 pp.
[103] Spandler C, Mavrogenes J, Arculus R. Origin of chromitites in layered
intrusions: evidence from chromite-hosted melt inclusions from the
Stillwater Complex. Geology 2005;33:893–6.
[104] Szilas K, Garde AA. Mesoarchaean aluminous rocks at Storø, southern West
Greenland: new age data and evidence of premetamorphic seaﬂoor
weathering of basalts. Chem Geol 2013;354:124–38.
[105] Szilas K, van Hinsberg VJ, Kisters AFM, Kokfelt TF, Scherstén A, Windley BF.
Remnants of Mesoarchaean oceanic crust in the Tartoq Group, South-West
Greenland. Geolog Surv Denmark Greenl Bull 2011;23:57–60.
[106] Szilas K, Elis Hoffmann J, Scherstén A, Rosing MT, Windley BF, Kokfelt TF,
Keulen N, van Hinsberg VJ, Næraaa T, Frei R, Münker C. Complex calc-alkalinevolcanism recorded in Mesoarchaean supracrustal belts north of
Frederikshåb Isblink, southern West Greenland: implications for subduction
zone processes in the early Earth. Precambr Res 2012;208:90–123.
[107] Szilas K, Næraa T, Scherstén A, Stendal H, Frei R, van Hinsberg VJ, Kokfelt TF,
Rosing MT. Origin of Mesoarchaean arc-related rocks with boninite/komatiite
afﬁnities from southern West Greenland. Lithos 2012;144:24–39.
[108] Szilas K, Hoffmann J, Scherstén A, Kokfelt TF, Münker C. Archaean andesite
petrogenesis: insights from the Grædefjord Supracrustal Belt, southern West
Greenland. Precambr Res 2013;236:1–15.
[109] Szilas K, van Hinsberg VJ, Kisters AFM, Hoffmann J, Kokfelt E, Scherstén TF,
et al. Remnants of arc-related Mesoarchaean oceanic crust in the Tartoq
Group, SW Greenland. Gondwana Res 2013;23:436–51.
[110] Szilas K, van Gool JAM, Scherstén A, Frei R. The Mesoarchaean Storø
Supracrustal Belt, Nuuk region, southern West Greenland: an arc-related
basin with continent-derived sedimentation. Precambr Res 2014;247:
208–22.
[111] Szilas K, van Hinsberg J, Creaser R, Kisters AFM. The geochemical composition
of serpentinites in the Mesoarchaean Tartoq Group, SW Greenland:
harzburgitic cumulates or melt-modiﬁed mantle? Lithos 2014;198–
199:103–16.
[112] Szilas K, Kelemen PB, Rosing MT. The petrogenesis of ultramaﬁc rocks in the
>3.7 Ga Isua supracrustal belt, southern West Greenland: geochemical
evidence for two distinct magmatic cumulate trends. Gondwana Research,
2014 (in press).
[113] Szilas K, Hoffmann JE, Münker C, Dziggel A, Rosing MT. Eoarchean within-
plate basalts from southwest Greenland: comment. Geology 2014;42:
e330.
[114] Takahashi E, Uto K, Schilling JG. Primary magma compositions and Mg/Fe
ratios of their mantle residues along Mid Atlantic Ridge 29 to 73 N. Institute
for Study of the Earth’s Interior, Okayama University, 1987.
[115] Thakurta J, Ripley EM, Li C. Geochemical constraints on the origin of sulﬁde
mineralization in the Duke Island Complex, southeastern Alaska. Geochem
Geophys Geosyst 2008;9:Q07003.
[116] Umino S, Kushiro I. Experimental studies on boninite petrogenesis. In:
Crawford AJ, editor. Boninites and related rocks. London: Unwin Hyman Ltd;
1989. p. 89–111.
[117] Van der Laan SR, Flower MFJ, van Groos AFK. Experimental evidence for the
origin of boninites: near-liquidus phase relations to 7.5 kbar. In: Crawford AJ,
editor. Boninites and related rocks. London: Unwin Hyman Ltd; 1989. p.
113–47.
[118] Windley B, Garde AA. Arc-generated blocks with sections in the North
Atlantic craton of West Greenland: crustal growth in the Archean with
modern analogues. Earth Sci Rev 2009;93:1–30.
[119] Wooden JL, Czamanske GK, Zientek ML. A lead isotopic study of the Stillwater
Complex, Montana: constraints on crustal contamination and source regions.
Contrib Miner Petrol 1991;107:80–93.
[120] Wyman DA. A critical assessment of Neoarchean ‘‘plume only’’ geodynamics:
evidence from the Superior Province. Precambr Res 2013;229:3–19.
[121] Wyman DA. A reply to ‘‘How many arcs can dance on the head of a plume?’’
by Jean Bédard, Precambrian Research, 2012. Precambr Res 2013;229:
198–202.
